When pioneers arrived in the southwestern United States during the nineteenth century, their journal accounts described broad expanses of lush grass growth; shrub growth was restricted to drainageways and foothills (Grover and Musick, 1990) . Today, however, creosote bush (Larrea tridentata (DC) Cov.), an evergreen xerophytic shrub, is one of the most widespread perennial species of the desert southwest (Shreve, 1942) .
Because creosote bush range expansion is correlated with a decrease in land quality (e.g., as a result of grazing), continued creosote bush expansion is a significant problem. Several factors, including fire suppression (Humphrey, 1958) and climatic change (Leopold, 1951) could alter the expansion. In addition, expansion might be modified by changes in the reproduction of creosote bush itself as it moves northward. For example, seed germination may be altered because of differences in moisture availability in the new areas. If germination is reduced in new environments, range expansion might be slowed. The effects of water availability on adults and seedlings have been well-documented (Runyon, 1934; Spalding, 1904) , but the effects of variable moisture availability on the germination of creosote bush seeds have been poorly studied. In addition to moisture effects, seed germination could also be altered because Larrea populations change in genetic structure as they move northward. Genetic variation might be reduced at the edge of the range due to inbreeding and population bottlenecks (Futuyma, 1986) . These changes in genetic structure have the potential to alter patterns of seed germination.
In this study, we assessed the potential impact of changes in seed germination on creosote ' Present address: PSES Department, University of Idaho, Moscow, Idaho 83843
Address all correspondence to this author bush expansion by comparing seed germination across a range of moisture availability of seeds collected from in three populations covering 350 km on a North-South gradient. This comparison was used to test three hypotheses: (1) Creosote bush populations are adapted to different moisture regimes. In consequence, seed germination will not act to slow range expansion into areas with different precipitation patterns. In the experiment we predict that responses to experimental treatment will vary among populations. (2) Alternatively, as Larrea moves northward it is not adapting to changing precipitation amounts; therefore, all populations will have similar moisture requirements and respond identically to our experimental treatments. In consequence, seed germination may be reduced in new habitats.
(3) As Larrea moves northward seed germination will decrease at the margin of the range because it is becoming genetically homozygous. Thus, seed germination will be reduced for the northernmost population under all experimental treatments.
MATERIALS AND METHODS
Fruit collection. Mexico (32'37'N, 106'44'W) at an elevation of 1303 m. Plant cover is similar to the other two sites. The soil is predominantly sandy. The Isleta site was selected because it is at the northern limit of the range of creosote bush in New Mexico. The other sites are L T E R (Long Term Ecological Research) sites where it is easy to obtain both plant material and climate data. The southernmost site is not at the southern limit of the range as the species extends well into Mexico.
Summer rainfall and temperature differ somewhat among these sites. The 30-year August [a time when creosote bush germination is likely to occur (Burk and Dick-Peddie, 1973) ] precipitation means for each site are as follows: Isleta = 38.4 mm; Sevilleta = 41.9 mm; Jornada = 49.8 mm. The August 30-year temperature mean for Isleta is 24.5 C, for Sevilleta, 23.9 C and for Jornada, 24.7 C. The National Weather Service data used for these values were gathered from the station nearest each creosote bush site, with Albuquerque data being used for the Isleta site and Socorro data (approximately 17 km south of Sevilleta) being used for the Sevilleta site (Jornada has its own long-term data). Rainfall can be highly variable at these sites. The coefficients of variation in August precipitation in the thirty year period are 57%, 64% and 69% for the Isleta, Sevilleta, and Jornada sites, respectively. In the last 50 years, August precipitation has ranged from 0 mm to 83.8 mm at Isleta, 1.3 mm to 161 mm at Sevilleta and 1.5 mm to 167 mm at Jornada.
Germination trials.-Since most creosote bush seeds are shed when ripe in the spring through early fall, the plants can continue to flower and produce small seed crops as long as temperature and moisture permit (Barbour et al., 1977) . Ripe fruits were collected from each site as they became available: 14 June from the Jornada site, 30 July from the Sevilleta National Wildlife Refuge and 31 August from the Isleta site. Fruits were randomly selected with approximately 100 fruits being taken from each of 25-30 plants at each site. Seeds were stored in Ziploc freezer bags at room temperature.
Soil for germination trials was collected from the Sevilleta National Wildlife Refuge because this site represents the middle of the range studied. The soil was conducive to Larrea growth, as evidenced by the shrubs growing in the vicinity. A few new seedlings were observed at this site in autumn 1991 (D. Marshall, pers. observ.). This unsifted soil was transferred to 45 flats, each being filled to within approximately 0.5 cm of the top. Larrea fruits are spherical and consist of five equal parts called mericarps. The seeds are contained within the mericarps. If seeds are present, they usually occur singly, but occasionally they occur in pairs. One hundred randomly selected unshelled mericarps were planted per replicate, approximately 1 cm below the soil surface. Unshelled mericarps were used because they were more convenient to plant than shelled seeds. The presence or absence of the mericarp has no effect on germination (Barbour, 1968) . Seed positions were marked with plain wooden toothpicks to limit the possibility of counting seedlings that were not part of the test population (i.e., the unsterilized field soil may have had some creosote bush seeds present in the seed bank). Flats were placed in the open courtyard of the University of New Mexico Biology Building in Albuquerque, New Mexico, and they remained at this location for the duration of the experiment.
Seeds from each population were used to make three replicates (of 100 seeds each) of five watering treatments (a total of 4500 mericarps were planted): Treatment 1 = average amount of moisture, one-half of which was applied at each watering twice/week; Treatment 2 = 2 x average, one-half of which was applied at each watering (2 x /week); Treatment 3 = 2 x average, one-quarter of which was applied at each watering (4 x /week); Treatment 4 = 4 x average, one-half of which was applied at each watering (2 x /week); Treatment 5 = 4 x average, one-quarter of which was applied at each watering (4 x /week). The "average" moisture amount used was based on the 30-year August mean for the Sevilleta site, which corresponded to approximately one cm/week of moisture in a 53 x 28 cm flat. This was chosen as the standard amount because, like the soil, it was the middle of the range studied. No below-average amounts of moisture were used because it is expected that creosote bush germination occurs in relatively wet years (personal observation).
Watering treatments began 24 September 1991. After germination commenced, the flats were censused daily from 3 October through 27 October (new seedlings had ceased to appear about a week before the final census). New seedlings were marked with colored toothpicks to avoid counting them twice.
Chi-square tests were used to compare the numbers of seeds germinated among populations and treatments. Because total numbers of seeds germinated were low, counts were lumped across replicates for the analysis. Two-way categorical models (PROC CATMOD, SAS, 1982) were used to compare differences in response to treatments among populations.
Stored us. fiesh seeds.-In order to ascertain whether the differences in collection times of the original seeds may have affected the germination patterns, freshly-matured seeds were collected at the Jornada and Sevilleta sites to compare with the previously collected seeds. Ten replicates of 10 mericarps each from the June, Jornada collection and a subsequent 3 November collection were placed in petri dishes on moist filter paper on 19 November. The petri dishes were kept under a Gro-Light on a 13-light/ll-dark cycle and censused daily for germination. The same procedure was followed to compare the July, Sevilleta collection with a subsequent newly-matured 7 March 1992 collection. Testing of the Sevilleta seeds began on 11 March 1992.
Chi-square tests were used to compare the numbers of seeds germinated from stored and fresh seed collections. Any significant differences were used to adjust the numbers of seeds germinated in the first experiment. This was done by dividing the number of fresh seeds that germinated by the number of stored seeds that germinated; the resulting value was then multiplied by the number of stored seeds that germinated in the "Germination trials." These adjusted values were used to test for differences in germination behavior among populations. Seed viability.-One hundred randomly chosen mericarps from each original population collection were cut open to determine the percentage of empty, aborted and good seeds. Small, wrinkled seeds were considered aborted; large, smooth seeds were considered good. These seeds were then tested for viability using 2,3,5-triphenyl tetrazolium chloride (Moore, 1962) .
Germination trials.-The numbers of seeds germinating differed significantly among populations (Table 1) . Germination was highest at Isleta (12.9%), while seeds from Jornada and Sevilleta germinated poorly (4.73% and 4.27%, respectively).
The number of seeds germinating, averaged over all three populations, also differed significantly among moisture treatments (Fig. 1) . Mericarps receiving 1 x and 2 x moisture fared best (treatments 1 , 2 and 3), while mericarps receiving 4 x normal amounts of moisture fared worst (treatments 4 and 5).
Responses to moisture treatments differed significantly among populations (Fig. 1 , Table  2 ). Jornada fared best with treatment 1 (10.0% of seeds germinated) and worst with treatment 4 (1.00%). Sevilleta fared best with treatment 2 (7.00%) and worst with treatment 5 (1.67%). Isleta fared best with treatment 2 (19.3%) and worst with treatment 4 (2.67%).
The moisture treatments included variation in both the amount and frequency of moisture applied. While amount of moisture applied had a significant effect on germination, the effect of thefrequency of moisture application was not significant (Table 3) . However, even though the frequency of moisture application did not significantly affect germination, it must have had a subtle effect. When all five treatments-which vary in both amount and frequency of moisture application-are compared, the populations vary in their responses (Table 2) . In contrast, when the treatments are lumped to analyze only the effects of amount of moisture, there is not a significant population by treatment effect (Table 2) .
Stored vs.fresh seeds.-Numbers of seeds germinating differed significantly among stored and fresh seeds from both the Jornada (9% vs. 25%) and Sevilleta (7% vs. 20%) populations (x: = 7.23, P < 0.007 and X: = 5.72, P < 0.017, respectively). Germinability of the stored seeds in the "Stored vs. fresh" experiments was not different from that of stored seeds in the "Germination trial" experiment (x: = 0.103, P < 0.75 and X: = 0.001, P < 0.0975 for Sevilleta and Jornada, respectively). However, more fresh seeds germinated than had ger- xz= 68.8, P < 1.0 x xz= 0.12, P < 0.73 * Treatment 1 not used because the average amount of moisture was applied in only one frequency treatment minated in the original germination trials (x: = 11.2, P < 0.00084 and X: = 18.5, P < 0.0001 for Sevilleta and Jornada, respectively). After adjusting for seed storage as outlined in the materials and methods, there was no longer a significant difference in germination response (Table 1) . Adjusted germination was nearly equal among the populations.
Seed viability.-Differences in numbers of viable seeds among populations were not significant (x; = 1.88, P < 0.588) (Table 4) . Consequently, seed viability should not affect the relative germination percentages of the populations tested.
The area dominated by creosote bush has increased dramatically over the past century (Grover and Musick, 1990 ). This expansion is of interest as it is associated with a decrease in the quality of the land. This pattern of expansion may be affected if changes in the environmental conditions and the genetic structure of populations alter the ability of creosote bush to successfully reproduce at the edge of its range.
Our first hypothesis, that creosote bush populations are adapted to different moisture regimes, was initially supported. Seeds from Isleta had significantly higher germination than those from the other two populations. However, when results were adjusted for seed storage differences, populations did not differ in germination. The magnitude of the differences in seed germination may be solely due to seed age. Although stored seeds failed to germinate, tetrazolium tests showed that the seeds were viable. A possible explanation for the decreased germinability observed is seed dormancy. Results from this experiment and others (Barbour et al., 1977) suggest that many creosote bush seeds lose their germinability after separation from the parent plant. The dormancy reported here was probably induced dormancy (Harper, 1977) since fresh seeds germinated readily. Germinability was reduced only after storage, even for a period as short as two months. The cues that release this dormancy require further study.
In addition to seed age effects, the temperatures experienced by the fruits in each population may have affected germination. Exposure of Larrea mericarps to high temperatures is known to decrease germinability (Barbour, 1968) . Furthermore, high temperatures can reinforce dormancy or even induce it (Black and Bewley, 1983) . The fruits of both the Jornada and the Sevilleta populations matured during the hot mid-summer months; the Isleta seeds did not mature until early fall. Thus, it is possible that the timing of fruit maturation among the populations influenced seed germination more than the moisture treatments.
The overall response to moisture was not significantly different among populations. All populations did better at I x to 2 x precipitation levels, albeit to varying degrees. The relationship between seed germination and moisture is very close (Beatley, 1974) , with high precipitation levels being detrimental, as shown by this experiment. Cycles of soaking and drying stimulate faster germination response in Larrea (Barbour, 1968) . This could explain why seeds germinated best under I x and 2 x precipitation levels: Soil, and consequently, fruits, had the opportunity to either partially or completely dry out before the next watering.
Responses of the populations to moisture treatments supported the second hypothesis that Larrea is not adapting to new precipitation amounts. Regardless of the August mean precipitation at each population site, all populations performed best with I x and 2 x normal moisture. However, there was a significant difference in the pattern of germination among populations. Irrespective of seed age and seed maturation environment, populations responded differently to the various moisture treatments.
The relationship between mean precipitation at the sites and the experimental responses is complex. Historically, seeds from the Jornada and the Sevilleta could have experienced 2 x and 4 x normal precipitation. Seeds at the Isleta site could have experienced 2 x normal moisture. However, even though Jornada received the most August rainfall, seeds from Jornada performed poorly in the highest moisture levels. Perhaps this is due to additional factors such as temperature or soil drainage. Jornada has the highest August mean temperature, and perhaps the population at that site has adapted to rapid drying of soil as a result of this increased temperature.
In other species, significantly different germination responses among populations have been interpreted as support for genetic differences in germination behavior (Acharya et al., 1989; Meyer and Monsen, 1991) . If the three Larrea populations tested were genetically adapted to different moisture regimes, this would support the first hypothesis rather than the second one.
The third hypothesis, that there will be decreased germinability at the margin of the range, was rejected. The Isleta population was on the margin of the range, and it showed no decrease in seedling germination. Indeed, germination was higher than the other populations under all treatment conditions, even when germination was adjusted for possible seed age effects. If there are differences in genetic structure in the marginal population, they have no measurable effect on seed germination.
In comparison with other Larrea populations, the three populations appeared to have average mericarp fill and overall embryo viability. A variety of populations from throughout the southwest average 44-45% overall seed viability (Barbour, 1968; Williams et al., 1974) .
The differences in fill and viability among these populations are small, implying that these factors have remained relatively constant as creosote bush has expanded its range.
Limited germination is apparently not slowing the northward expansion of creosote bush, as evidenced by the high germinability of the Isleta population. The patterns of germination differ among populations, implying that the cues which initiate germination are different. Whether these differences are adaptive remains to be seen.
